Zebra®sh semaphorin 1b (sema Z1b) is a new member of the semaphorin family, related to mammalian sema D/III. It is expressed in rhombomeres three and ®ve, and in the posterior half of newly formed somites which is avoided by ventrally extending motor axons. Embryos injected at the 1±2 cell stage with synthetic sema Z1b mRNA developed normally but many (63%) showed missing or severely stunted ventral motor nerves. Other axons, somites, and hindbrain rhombomeres were not affected. No abnormalities were seen in control embryos injected with lacZ mRNA. Sema Z1b might normally in¯uence the midsegmental pathway choice of the ventrally extending motor axons by contributing to a repulsive domain in the posterior somite. q
Introduction
The stereotyped pathway choices of embryonic axons depend on short and long range signals that can be either attractive or repulsive (Tessier-Lavigne and Goodman, 1996; . One example is provided by motor axons which, in all vertebrate species, extend through the anterior half of the somite but avoid its posterior half (Keynes and Stern, 1988) .
Because of its simplicity, the spinal motor system of the zebra®sh embryo lends itself to the study of motor axon guidance. The somites give rise to segmentally reiterated, chevron-shaped myotomes that are separated from the next anterior and posterior segments by the segmental myosepta. Each myotome consists of a dorsal and of a ventral muscle block, separated by the horizontal myoseptum. The ventral block of musculature is innervated by the ventral branch of the motor nerve which is pioneered by a uniquely identi®-able motor neuron, the caudal primary motor neuron (CaP) Myers et al., 1986 ; reviewed by Eisen, 1991 Eisen, , 1994 . Axonogenesis is initiated early, at 17±19 h post fertilization (hpf), and the CaP growth cone follows a stereotyped sequence of development. It exits through the ventral root and, by 20±22 hpf, reaches the horizontal myoseptum where it pauses brie¯y. By 23±24 hpf it has extended into the ventral somite, establishing a midsegmental trajectory (Eisen, 1991 (Eisen, , 1994 . As additional motor axons continue to be added to the spinal nerve, the CaP pathway develops into the ventral ramus of the peripheral nerve.
Previous studies indicate a role of the somitic mesoderm and possibly of the sclerotome in motor axon guidance: motor neurons removed from the spinal cord and grafted into the motor axon pathway can path®nd correctly (Gatchalian and Eisen, 1992) . Motor axons pause at the horizontal myoseptum before choosing their speci®c trajectories. Early differentiating myotomal cells, the muscle pioneer cells, are located at the horizontal septum and could mediate axon guidance (Eisen, 1991 ; but see Melancon et al., 1997) . Sclerotome cells occupy the posterior half of each body segment and are contacted by the ventrally extending motor axons. Ablation experiments suggest, however, that they may not be required for the stereotyped axon outgrowth (Morin-Kensicki and . The molecular bases of motor axonal path®nding in the ®sh are not well understood but recent work indicates a possible role of two recognition molecules, a chondroitin sulfate/ dermatan sulfate epitope and a zebra®sh semaphorin (sema Z1b), in guiding motor axons. The chondroitin sulfate/dermatan sulfate epitope present at the interface of somite and notochord where the motor axons extend ventrally. Expression of sema Z1b shows a dynamic pattern with the mRNA being transiently concentrated in the posterior half of the somite before being downregulated at around www.elsevier.com/locate/modo the time that the CaP axon extends past the horizontal myospetum .
All semaphorins/collapsins are characterized by a 500 amino acid semaphorin domain but heterogeneity of Cterminal domains has led to them being grouped into seven subclasses (Winberg et al., 1998b) . Several members of the family have been identi®ed in the zebra®sh (Halloran et al., 1996 (Halloran et al., , 1998 , among them sema Z1b, one of two zebra®sh semaphorins with high homology to chicken collapsin-1 and mammalian sema D/III Shoji et al., 1998) . Repulsive activity has been demonstrated for some semaphorins in vitro (Luo et al., 1993; Messersmith et al., 1995; Pu Èschel et al., 1995; Kobayashi et al., 1997; Shepherd et al., 1997; and there is evidence for a similar role in vivo, both in mammals (Behar et al., 1996; Tanelian et al., 1997; Taniguchi et al., 1997) , in ®sh (Shoji et al., 1998) , and in Drosophila (Kolodkin et al., 1992 (Kolodkin et al., , 1993 Matthes et al., 1995; Winberg et al., 1998a) . Importantly, not all classes of axons appear to be equally sensitive to the repulsive activity: axons of dorsal root ganglion cells but not retinal ganglion cell axons are repelled by chicken collapsin-1 (Luo et al., 1993) . This likely re¯ects the speci®c expression patterns of the semaphorin/collapsin receptors, the members of the neuropilin and plexin families (He and TessierLavigne, 1997; Kitsukawa et al., 1997; Kolodkin et al., 1997; Winberg et al., 1998b) . It is ®nally possible that certain semaphorins, rather than being repulsive, may have an attractive effect on subsets of growing axons (Wong et al., 1997; Bagnard et al., 1998 ; see also Song et al., 1998) . These ®ndings, and the fact that no functional data are currently available for many members of the semaphorin/collapsin family, caution against premature generalizations about the roles of these molecules in vivo.
The present study describes the expression pattern of sema Z1b mRNA in the embryonic zebra®sh and uses ectopic expression of the protein to examine its role in vivo. We ®nd that overexpression of sema Z1b-his speci®cally affects motor axon outgrowth and impedes the formation of the ventral motor nerve.
Results

A novel zebra®sh semaphorin
Screening an adult zebra®sh brain cDNA library with a human sema D/III probe led to the isolation of a novel zebra®sh cDNA which is referred to as sema Z1b. The open reading frame of this cDNA encodes a protein with a number of domains typical of the class III semaphorins (Adams et al., 1996) (Fig. 1A,B) . A signal sequence is predicted to cleave between residues 23±24 (Nielsen et al., 1997) . The characteristic semaphorin domain contains ®fteen conserved cysteine residues (Kolodkin et al., 1993; Pu Èschel, 1996) . A conserved immunoglobulin domain is revealed by a BLAST search of the available data bases (Altschul et al., 1997; Fabian et al., 1997) at amino acids 598±654. It includes two conserved cysteines. The C-terminal 60 amino acids form a highly basic region, with a predicted pI of 12.21. This compares with an overall pI of 7.05 (Bjellqvist et al., 1993) . Basic amino acids (lysine and arginine) make up 27% of the C-terminal region, compared with only 11% in the whole protein.
Analysis of the degree of amino acid identity between sema Z1b and other semaphorins (Table 1 ) reveals a close relationship with collapsin-1 (Luo et al., 1993) and sema D/ III (Kolodkin et al., 1993; Pu Èschel et al., 1995) , and a distant relationship with the structurally related Drosophila sema II (Kolodkin et al., 1993) . Given the high degree of amino acid identity despite the evolutionary distance that separates ®sh from birds and mammals, it appears likely that sema Z1b, collapsin-1 and sema D/III are homologues. However, a putative zebra®sh homologue of collapsin-1 and sema D/ III has already been identi®ed. Zebra®sh semaphorin 1a (sema Z1a; Shoji et al., 1998 ) is obviously related, albeit to a somewhat lesser extent than sema Z1b, to collapsin-1 and sema D/III, and equally related to sema Z1b (Table 1) . The possibility that two homologues of collapsin-1/sema D/ III exist in zebra®sh will be considered in more detail in Section 3.
SemaZ1b is expressed in speci®c rhombomeres and in the somites
The distribution of semaZ1b mRNA was analyzed in developing embryos, at various timepoints using whole mount in situ hybridization (Fig. 2) . Before 10 hpf, no expression was detectable. At 10 hpf, faint expression in the rhombomeres three and ®ve was ®rst seen. Expression in these rhombomeres increased in strength and conspicuous in situ labeling was detectable from 14 hpf up to 20 hpf ( Fig.  2A,C) . Subsequently, expression in the rhombomeres was down-regulated, ®rst in rhombomere three, then in rhombomere ®ve. After 24 hpf, expression was con®ned to a few individual cells in these rhombomeres. At later stages (not illustrated) sema Z1b mRNA was also expressed at the tecto-cerebellar border and in the developing retina.
At 10±11 hpf faint expression of sema Z1b was ®rst apparent in the mesoderm. After 12±13 hpf, expression was conspicuous in the newly formed somites ( Fig. 2B,C ; see also Bernhardt et al., 1998) . In the tail region, immediately caudal to the condensed somites, expression was also detected in the unsegmented lateral plate mesoderm (Fig.  2C) . Within the newly formed somites, sema Z1b mRNA was not distributed uniformly. Rather, the somite was partitioned into a posterior domain in which sema Z1b was expressed and into an anterior domain where no expression could be detected (Fig. 2C) . Between 14±18 hpf, this bipartion remained conspicuous in the medial portion of the somite, adjacent to the notochord (Fig. 2D ). In the lateral portion of the somite there was a transient expansion of sema Z1b expression into the anterior half of the somite (Fig. 2D) . Between 18 and 24 hpf sema Z1b mRNA levels were downregulated in the oldest (anterior) somites. This resulted in a gradient of sema Z1b mRNA expression along the rostrocaudal axis of the embryo, with the anterior trunk somites expressing low levels of the mRNA and posterior Fig. 1 . Domain structure and amino acid sequence of the sema Z1b protein. (A) Protein structure, indicating (to scale) the N-terminal signal sequence (S), the semaphorin domain (cross-hatching), the immunoglobulin-like domain (hatching), and the basic region (1) at the C-terminus. (B) Alignment of the amino acid sequence of sema Z1b with the sequences of its closest relatives, zebra®sh semaphorin 1A (sema Z1a), chicken collapsin-1 (coll-1), rat semaphorin III (semaIII), mouse semaphorin D (semaD), and the distantly related Drosophila semaphorin II (semaII). Amino acid residues conserved between sema Z1b and its relatives are boxed. Also indicated are the signal sequence of sema Z1b (bar above sequences), the semaphorin domain (between arrowheads), the immunoglobulin-like domain (between arrows), and conserved cysteins (dots below sequences). segments high levels (Fig. 2B,E) . Within the individual somites expression was progressively con®ned to a single row of posterior somitic cells (Fig. 2F) , then it became undetectable. After 20 hpf, expression was also detected in the ®n folds surrounding the caudal trunk (Fig. 2E,C) .
Ectopic expression of sema Z1b-his
Sema Z1b mRNA carrying a C-terminal his-tag was synthesized in vitro and tested for its translation ability (see Section 4). Western blot analysis (Fig. 3) showed that a protein of the predicted molecular weight, 95 kDa, can be synthesized in vitro (Fig. 3 , lane A). Immunostaining demonstrates that this protein carries the RGS-6his epitope (Fig. 3, lane B) .
The synthetic sema Z1b-his mRNA was injected into freshly fertilized eggs. Subsequently we attempted to detect the ectopically expressed sema Z1b protein in whole mount preparations of embryos using the his-tag antibody. This yielded only background staining and we have to conclude that the antibody, while working in Western blots, did not react on tissue. As an alternative approach to control for the success of the mRNA injections we performed in situ hybridizations with the sema Z1b cRNA probe (see above) on experimental embryos at the blastula stage (4±5 hpf), well before endogenous expression is detected. In situ hybridization signals were observed throughout most if not all cells of the embryos examined (n 9; data not shown).
That the injection protocol allows for the successful ectopic protein expression was also demonstrated by injecting lacZ mRNA which had been prepared as described for sema Z1b mRNA (see Section 4). Subsequent histochemical staining demonstrated widespread expression of b -galactosidase ( Fig. 4A ) in most of the injected embryos (Table 2) .
To con®rm that injected sema Z1b-his mRNA was translated into protein also in vivo, we prepared injected 18 hpf embryos for Western blot analysis (see Section 4). Immunostaining for the his-tag detected a protein with an apparent molecular weight of approximately 55 kDa which was not present in uninjected embryos (Fig. 3, lanes C, D) . This is smaller than the molecular weight of the in vitro translated protein, possibly re¯ecting some proteolytic activity in vivo (see Section 3). Since the his-tag is at the C-terminal of the construct we can nevertheless be con®dent that the whole mRNA had been translated in vivo. Additional protein fragments that did not contain the tag may have been present in the preparation but would not have been detected. In Western blots prepared from embryos injected with lacZ mRNA, the respective antibody detected a protein band with the expected apparent molecular weight of 125 kDa (Fig. 3 , lane E).
Embryos injected with sema Z1b-his mRNA showed no gross de®cits in development. Since semaphorins have been implicated in the establishment of zones of repulsion for sensitive axonal growth cones we next examined the nervous system. We focused on the ventral branch of the segmental motor nerve which extends midsegmentally along the medial surface of the somite. This trajectory coincides with the anterior border of sema Z1b mRNA expression in the medial portion of the somite (see above). Previous studies Myers et al., 1986 ; reviewed by Eisen, 1994) have demonstrated a high degree of stereotypy in the timing and directionality of motor axon outgrowth: the ventral motor nerves are pioneered by the CaP motor axons, which in midtrunk segments extend out of the spinal cord at between 17±19 hpf and grow into the ventral musculature. Immunostaining for acetylated a -tubulin to label embryonic axons con®rmed that in the midtrunk (somites 5±14) by 23 hpf more than 99% of all ventral motor nerve branches have extended beyond the ventral edge of the notochord (Table  3) .
Experimental embryos, ectopically expressing sema Z1b-his, often had de®cits in the formation of the ventral motor nerve, as revealed by immunostaining for acetylated atubulin at prim stages 4±7 (approximately 24±26 hpf). As shown in Table 2 , 63% of these embryos had missing or severely truncated ventral motor nerves (a motor nerve was considered severely truncated if it did not extend to the level of the horizontal myoseptum). This contrasts with only 4% the control embryos injected with the lacZ mRNA, in which the tubulin staining revealed a truncated ventral motor nerve. Examples of experimental and control embryos are illustrated as photomicrographs (Fig. 4) and as camera lucida tracings (Fig. 5) . A missing or severely truncated nerve branch in one segment was often¯anked by normal ones in the adjacent segments (Figs. 4B, F and 5) . This argues that the failure to extend the ventral motor nerve branch cannot be attributed to a general retardation of axonal outgrowth in the embryos that overexpressed sema Z1b-his. The presence of normal ventral motor nerve branches is likely to re¯ect mosaicism in the overexpression of sema Z1b-his (see Section 3), analogous to that observed in embryos overexpressing b -galactosidase (Fig. 4A,B) . The frequency of impeded motor axon outgrowth was determined by comparing the number of severely affected ventral motor nerve branches in the midtrunk region to that of normal nerve branches. The values for sema Z1b or bgalactosidase overexpressing and for uninjected control embryos are summarized in Table 3 . They demonstrate that in uninjected embryos the ventral nerve branches can be expected to have extended beyond the ventral edge of the notochord. In embryos injected with lacZ mRNA (Figs. 4A and 5A,C) the incidence of truncation was also less than 1%. In embryos injected with sema Z1b mRNA, 11% of the ventral motor nerve branches had not extended normally: 7.5% were severely truncated, and 3.5% could not be traced out of the spinal cord. We conclude that arrested or severely delayed outgrowth of the ventral motor nerve is not due to the injection of exogenous mRNA, but caused by the extopic expression of sema Z1b-his protein in developing embryos. The truncations argue that the effect is likely to be on axonal outgrowth rather than on the survival of motor neurons.
The effect of overexpressing sema Z1b-his mRNA appeared speci®c to motor neurons. In particular, neither the development of the somites and of rhombomeres three and ®ve, both sites of normal expression of the mRNA, appeared affected by the overexpression. When embryos were reacted with MAb 473, recognizing a chondroitin/ dermatan sulfate epitope (Faissner et al., 1994; Braunewell et al., 1995) , which conspicuously labels the somite boundaries , discrete blocks of somites, separated by well developed segmental myosepta, were observed in embryos (n 8) injected with sema Z1b-his mRNA (Fig. 6A) . The staining pattern was indistinguishable from that observed in uninjected embryos . Mab 473 labeling also indicated that putative scelerotome cells occupied their expected positions at the interface of the notochord and the posterior half of the somite , suggesting that the internal organization of the somite was not fundamentally changed in the experimental embryos (data not shown).
Sema Z1b mRNA is normally expressed in rhombomeres three and ®ve but not in the adjacent rhombomeres (see above). To examine whether ectopic expression of sema Z1b affected the segmentation of the hindbrain we used in situ hybridization for the transcription factor krox-20, which can serve as a marker for rhombomeres three and ®ve (Oxtoby and Jowett, 1993) . Examination of experimental embryos (n 23) revealed that at all stages examined the expression pattern of krox-20 mRNA was indistinguishable from that in uninjected embryos ( Fig. 6B ; compare with Oxtoby and Jowett, 1993) . This indicates that the rhombomeric organization of the hindbrain was not changed by the overexpression of sema Z1b-his. This conclusion was reinforced by the analysis of the neuronal organization as revealed by anti-tubulin staining: regularly spaced neuronal clusters were present in rhombomeres 1±6 in 10 of the 11 embryos scored for the frequency of abnormal ventral motor nerves (see above; in one animal the hindbrain was obscured by yolk). Clusters 4, 5, and 6 showed the typical spatial relationship to the otocyst (being located at levels anterior to it, in the middle of it, and posterior to it, respectively).
Other populations of axons were not obviously affected by overexpressing sema Z1b-his. Anti-tubulin staining demonstrated that the posterior commissure (Fig. 6C ) and the dorsoventral diencephalic tract (Fig. 6C) formed normally in experimental embryos (n 27). Both the major dorsal and ventral ®ber tracts of the spinal cord (the dorsolateral and the medial longitudinal fascicles) extended normally in experimental embryos ( Fig. 6D ; n 27). Spinal commissural axons grew from the dorsal cell bodies to the ventral midline which they crossed to ascend in the contralateral spinal cord (Fig. 6D) . Peripherally, the sensory axons of the Rohon±Beard neurons established a network of interlacing processes (not shown) which was indistinguishable from that observed in control embryos. The lateral line nerves ( Fig. 6E ; n 54) also appeared normal, as did the trigeminal ganglia ( Fig. 6F ; n 54).
Discussion
Overexpression of a novel zebra®sh semaphorin, sema Z1b that is expressed in the posterior half of the embryonic somite, affected the outgrowth of motor axons extending ventrally from the spinal cord. The majority of the experimental embryos, injected at the one-cell stage with synthetic sema Z1b-his mRNA, showed severely stunted or missing ventral motor nerves while outgrowth of other axons appeared normal.
The effect of sema Z1b overexpression is likely to be directly on the motor axons rather than on motor neuron or somite differentiation. Most of the abnormal ventral motor nerves had exited the spinal cord but failed to extend normally into the somite. This argues against a scenario of motor neuron loss. The lateral plate mesoderm had segmented into regularly shaped somites and the distribution of putative sclerotome cells was consistent with a normal anterior-posterior differentiation within each somite. Our data suggest that sema Z1b might normally contribute towards the midsegmental pathway choice of ventrally extending motor axons by preventing them from invading the posterior somite half.
Diversity of semaphorins in the zebra®sh
Semaphorins are a large protein family, with more than 20 different genes estimated to exist in the mammalian genome (Pu Èschel, 1996) . The different semaphorins differ in their structure, e.g. with or without a transmembrane domain (Luo et al., 1995; Pu Èschel, 1996) , in their distribution patterns (Luo et al., 1995; Skaliora et al., 1998) , and receptor af®nities (Chen et al., 1997; Kolodkin et al., 1997) . Several semaphorins have also been identi®ed in zebra®sh (Yee et al., 1995; Halloran et al., 1996 Halloran et al., , 1998 . The presently described sema Z1b is closely related to mammalian sema D/III and its avian homologue collapsin-1. Sema Z1b is also related to a second zebra®sh semaphorin, sema Z1a (Shoji et al., 1998) which shares the same relationship to sema D/III and collapsin-1. Unless a yet unidenti®ed semaphorin exists in birds and mammals that shows a closer relationship to sema Z1a than collapsin-1/sema D/III it appears that the ancestral gene had been duplicated zebra®sh. The ®nding of additional gene homologues in the zebra®sh genome, apparently not present in mammals is not unprecedented (Aparicio, 1998) . The same relationship is found between two members of the zebra®sh L1 family, l1.1 and l1.2, and mammalian L1 (Tongiorgi et al., 1995) , and for the zebra®sh receptor tyrosine kinases rtk1 and rtk4 and mammalian sek-1 (ephA4) (Xu et al., 1995; Cooke et al., 1997 ). It appears likely that sema Z1a and sema Z1b, l1.1 and l1.2, and rtk1 and rtk4 have arisen from single ancestral genes. The scenario of a gene duplication speci®c to ®sh has been suggested on the basis of gene mapping in the zebra®sh and is also supported by the ®nd-ing that zebra®sh possess seven rather than the four hox clusters typical of mammals . The existence of an additional gene set in zebra®sh could complicate the functional analysis if the additional genes had largely overlapping functions (Aparicio, 1998) . But the expression patterns of zebra®sh l.1.1 and l1.2 (Tongiorgi et al., 1995) , sema Z1a and sema Z1b (see below), and rtk1 and rtk 4 are not identical (Xu et al., 1995; Cooke et al., 1997) , arguing against the scenario of redundancy. Experimental evidence con®rms that sema Z1a and sema Z1b differ in their biological function (see below). Distinct functions of the different paralogs in zebra®sh could explain why there had been a selective pressure to maintain them during evolution (Aparicio, 1998) .
Diversity of semaphorin function
That different semaphorins serve distinct functions in vivo is evident in the zebra®sh. The expression patterns of sema Z1a and sema Z1b are similar but not identical. The major site of expression of both genes in the embryo is the lateral plate mesoderm. But sema Z1b mRNA is most abundant in the recently formed (caudal) somites and down-regulated in the older (rostral) somites while sema Z1a shows the reverse gradient of expression (Shoji et al., 1998) . Mesodermal expression of sema Z1b mRNA includes the region of the horizontal myoseptum from which sema Z1a is absent (Shoji et al., 1998) . Both genes are expressed in the CNS but only sema Z1b shows a segmental pattern of expression in the hindbrain, being transiently expressed throughout rhombomeres three and ®ve.
Experimental analysis con®rms that the differences in the expression patterns of sema Z1a and sema Z1b are indicative of different functions. Sema Z1a protein affects the outgrowth of the sensory lateral line nerve (Shoji et al., 1998) . The nerve extends subcutaneously in the region of the horizontal myoseptum, through a narrow territory that is devoid of sema Z1a expression. In¯oating head (¯h) homozygous mutant embryos, sema Z1a mRNA is expressed also in the region of the horizontal myospetum (Shoji et al., 1998) , probably the result of defective midline signaling (Halpern et al., 1995) . The lateral line nerves in¯h mutant embryos often extend abnormally, e.g. over the yolk tube (Shoji et al., 1998) . Direct application, through a micropipette, of recombinant sema Z1a onto lateral line growth cones leads to the withdrawal of lamellopodia and ®lopodia (Shoji et al., 1998) . Lateral line growth cones appear to avoid cells that ectopically express sema Z1a after the transfection of embryos with an inducible DNA expression construct (Shoji et al., 1998) . In contrast, sema Z1b-his overexpression had no apparent effect on the outgrowth of the lateral line nerve. The outgrowth of spinal motor axons extending ventrally through the somitic mesoderm was affected, however.
Sema Z1b inhibits motor axon outgrowth
The ventral branches of the zebra®sh motor nerves form The score is con®ned to those semaZ1b mRNA injected embryos in which the presence of at least one abnormal ventral motor nerve indicated that sema Z1b had been overexpressed successfully.
b Ventral motor nerves 5±14 were scored in 11 embryos injected with sema Z1b mRNA, and in 26 embryos injected with lacZ mRNA. In some embryos the score could be obtained only for one body side.
c Truncated nerves could be traced out of the spinal cord but did not extend as far as the horizontal myoseptum. d In the case of missing nerves there was no evidence of motor axons exiting the spinal cord. For details see Section 4.
along the medial surface of the somites, halfway between the segmental myosepta Myers et al., 1986; Bernhardt et al., 1998) . Previous evidence suggested that repulsive cues, concentrated in the posterior hemisomite, could in¯uence the pathway choice of the ventrally extending motor axons . Sema Z1b, on the basis of its expression pattern, is a candidate to mediate such a repulsive effect ). This hypothesis is now supported by experimental data. The majority (63%) of the embryos injected with sema Z1b-his mRNA showed missing or severely stunted ventral motor nerve branches. This type of de®cit occurred in only in a small minority (4%) of the embryos injected with the unrelated lacZ mRNA and in none of 15 uninjected embryos. Other populations of axons were unaffected by the overexpression of sema Z1b-his, further arguing against the possibility of experimental artefacts. The ®nding that sema Z1b can inhibit motor axon outgrowth is not entirely unprecedented. A putative collapsin-1 receptor is present in embryonic chick ventral roots ( Kobayashi et al., 1997) . In vitro studies indicate that the putative sema Z1b homologues in mouse and chicken can inhibit growth of the respective motor axons (Shepherd et al., 1996; . This hypothesis could not be con®rmed in vivo, however. A role of collapsin-1 protein in guiding the outgrowth of motor axons from the chick spinal cord is considered unlikely on the basis of the spatio-temporal pattern of collapsin-1 mRNA expression (Shepherd et al., 1996) . Mice de®cient in sema D/III show normal outgrowth patterns of spinal motor nerves (Behar et al., 1996; Taniguchi et al., 1997) . It remains thus unclear whether mammalian and avian semaphorins play a role in the guidance of spinal motor axon, whether the contribution of sema D/III is non-essential, or whether as yet unidenti®ed functional homologues of sema Z1b exists in the chicken and mouse.
The number of affected motor nerve branches in experimental embryos was relatively low. This likely re¯ects, at least in part, the limited availability of the sema Z1b-his protein. We could not control for this directly as immunostaining of experimental embryos using the his-tag antibody did not prove possible. Western blot analysis, while demonstrating that sema Z1b-his protein was synthesized, did not allow an estimate of the extent of expression. It is unlikely, however, that the injected mRNA was expressed in all cells of the embryo at the time of motor axon outgrowth. Analysis of embryos injected with the lacZ marker mRNA indicates that even in optimal cases expression of b -galactosidase was con®ned to approximately 50% or less of all cells in 24 hpf embryos. This probably re¯ects the unequal partitioning of the ectopic RNA between dividing cells as well as its degradation with progressing embryonic development. Both processes are likely to have limited the synthesis of sema Z1b-his protein.
Proteolysis might have further reduced the activity of sema Z1b-his. Western blotting indicated that sema Z1b-his expressed in vivo was cleaved into a C-terminal fragment of an apparent molecular weight of approximately 55 kDa and a putative N-terminal fragment of apparent molecular weight of approximately 40 kDa. The latter was not expected to be detected by Western blotting since it did not contain a tag. Proteolytic processing has been described for the putative homologues sema D/III and collapsin-1 (Adams et al., 1997; Klostermann et al., 1998; Koppel and Raper, 1998 ). It appears to be developmentally regulated in the mouse, being lowest at early embryonic stages and increasing with time (Adams et al., 1997) . The activity of mouse sema D/III is potentiated by the cleavage of a 1-kDa fragment at the C-terminal end of the protein (Adams et al., 1997) . Cleavage of a C-terminal polypeptide would have removed the his-tag from the ectopically expressed sema Z1b. This could explain, at least in part, the dif®culty in detecting the ectopic protein in vivo. Western blotting indicates, however, that at least some of the protein was not degraded at its most C-terminal end. This is consistent with the detection of a C-terminal myc-tag in ectopically expressed sema Z1a (Shoji et al., 1998) .
In the mouse and the chicken further processing leads to the cleavage into fragments of an apparent molecular weights of approximately 60 and 24 kDa, respectively. The larger fragment encompasses the semaphorin-domain, the smaller the Ig-domain and the basic tail of the C-terminus. This processing reduces the repulsive activity of collapsin-1 and sema D/III since maximal activity requires the crosslinking of two semaphorin molecules via a C-terminal cysteine (C723) as well as the presence of intact sema domains (Klostermann et al., 1998; Koppel and Raper, 1998) . By analogy to the mouse and chicken, the degradation of sema Z1b into a 55 kDa and into a putative 40 kDa fragment would be expected to reduce its repulsive activity.
Border phenomena
How can the present ®nding of an repulsive effect of sema Z1b on spinal motor axons extending ventrally through the somite be related to their midsegmental pathway choice? A repulsive activity in the posterior half of the somite, mediated at least in part by sema Z1b could lead to the collapse of the motor growth cones (Shepherd et al., 1996; . This would explain why the posterior somite territory is not invaded by motor axons. The very severe phenotype of a missing ventral motor nerve branch described in this study might similarly be explained by the inability of motor axons to extend out of the spinal cord into a territory rich in sema Z1b.
But if contact with repulsive cues normally led to irreversible collapse of the motor growth cones then the nerve would not extend ventrally. In vitro studies indicate that a growth cone given the choice between a permissive and a repulsive substrate is more likely to show a turning response. Filopodia and lamellopodia that contact the collapsin-coated beads lose their motility, leaving those advancing in other directions to dominate axonal extension (Fan and Raper, 1995) . A similar phenomenon is observed when temporal retinal ganglion cell growth cones advancing in culture are confronted with a substrate coated with posterior tectal membrane preparations (Walter et al., 1990) . Growth cones encountering a sharp boundary between a permissive culture substrate and the extracellular matrix molecules tenascin-C and tenascin-R also show this turning behavior (Taylor et al., 1993; Schachner et al., 1994; Williamson et al., 1996) . Importantly, growth cones that have turned after confronting a tenascin substrate boundary then tend to extend along it (Taylor et al., 1993; Schachner et al., 1994) . The growth cones of ventrally extending motor axons might similarly follow the border between a permissive and a non-permissive territory when establishing their midsegmental trajectory.
Many of the early pathways in the CNS form along expression boundaries of transcription factors (Krauss et al., 1991; Wilson et al., 1993; Macdonald et al., 1994) . Transcription factors acting intracellularly are likely to exert their effects by controlling the regional expression of molecules capable of directly affecting axonal growth (Bernhardt, 1999) . Recognition molecules with repulsive functions are attractive candidates to guide axonal extension along a substrate boundary because their effect onto sensitive growth cones can be complex. Neurites that had managed to extend onto a tenascin-C or tenascin-R substrate increased their growth rate as compared to a control substrate (Taylor et al., 1993) . Neurites in culture can either be attracted to or repelled by gradients of sema D/III, dependent on intracellular levels of cyclic nucleotides (Song et al., 1998) . Growth along a border might thus result when the two antagonistic responses balance each other.
Overlap of inhibitory cues
There are a number of candidate molecules that could combine with sema Z1b to exert a maximal repulsive action on ventrally extending motor axons. Tenascin-C, tenascin-W, and a chondroitin sulfate epitope are concentrated in the posterior half of the zebra®sh somite and might inhibit motor axon growth Weber et al., 1998) . Findings in other species suggest similar roles for Tcadherin (Fredette et al., 1996) and ephrins (Wang and 4.6. Histochemistry Staged embryos were dechorionated, anesthetized with 0.1% aminobenzoic acid ethylmethylester (Sigma, St. Louis, MO) in phosphate buffered saline (PBS, pH 7.4), ®xed (4% paraformaldehyde in PBS), and reacted as whole mount preparations . bGalactosidase activity was detected by the standard histochemical reaction (Aushubel et al., 1995) . A mouse mAb to acetylated a-tubulin (Sigma, St. Louis, MO) was used to label axons. Somite boundaries were visualized using the rat mAb 473 which recognizes a chondroitin sulfate/ dermatan sulfate epitope (Faissner et al., 1994; Braunewell et al., 1995) . Primary antibody was visualized using HRP-conjugated secondary antibodies and the diaminobenzidine (DAB) reaction .
Scoring of abnormal motor axons
Experimental embryos injected with sema Z1b-his mRNA (n 27), control embryos injected with lacZ mRNA (n 26), and uninjected embryos (n 15) of prim stages 4±7 (23±26 hpf) were analyzed after immunolabeling all axons with an antibody to acetylated atubulin. Ventral motor nerve branches were scored as abnormal if they were missing or severely truncated (i.e. not reaching the horizontal myoseptum). Experimental embryos overexpressing sema Z1b-his and control embryos overexpressing b-galactosidase sometimes showed ventral motor nerves with side branches originating from the main nerve at levels dorsal to the ventral edge of the notochord. In uninjected animals of the same developmental stage such side branches were not observed. Because this abnormality occurred both in sema Z1b-his overexpressing embryos (6 of 27; 22%) and in embryos overexpressing b -galactosidase (8 of 26; 32%) it was not included in the score. We did not score the dorsal motor nerve branches as these were often dif®-cult to trace in the embryos immunostained for acetylated a -tubulin.
The frequency of arrested or severely delayed motor axon outgrowth was scored in body segments 5±14. In uninjected embryos the ventral motor nerves have extended beyond the ventral edge of the notochord in these segments (see also Section 2). We did not score more anterior segments because overlying yolk sometimes obscured the motor nerves, and more posterior segments because motor axons have sometimes not extended ventral to the notochord even in uninjected embryos. The scoring was restricted to embryos in which all ten body segments could be con®-dently scored on at least one body side. In nine of eleven embryos ®tting these criteria it was possible to trace the ventral motor nerve branches on both body sides, in two embryos it was possible only one side. This yielded a total score of 200 segments.
